The wheat stem rust fungus, Puccinia graminis f. sp. tritici (Pgt), race TTKSK and related races pose a serious threat to world wheat production. Knowing the effectiveness of wheat stem rust resistance (Sr) genes against Pgt race TTKSK is fundamental in mitigating this threat through resistance breeding. Sr15 was previously identified as being ineffective against Pgt race TTKSK. Here, multirace disease phenotyping data, linkage analyses, allelism testing and haplotype analyses are presented to support the conclusion that Sr15 is effective against Pgt race TTKSK. Resistance to race TTKSK was mapped to Sr15 in a biparental population. Thirty-two accessions with Sr15 displayed seedling resistance phenotypes against race TTKSK. However, these accessions were susceptible as seedlings at high temperatures (22-25°C), consistent with previous reports that the interaction between avirulent Pgt isolates and Sr15 is temperature-sensitive. Markers STS638, wri4 and KASP_IWB30995 were found to predict the presence of Sr15, suggesting the utility of these assays for marker-assisted selection in breeding programmes. The effectiveness of Sr15 to specific Pgt races and temperatures makes it a less-desirable TTKSK-effective gene. Wheat lines assayed as resistant to race TTKSK at the seedling stage may possess Sr15 and breeders should be aware of the limitations of Sr15 for conferring stem rust resistance.
Introduction
Resistance to wheat stem rust, caused by Puccinia graminis f. sp. tritici (Pgt), is necessary for the cultivation of high-yielding wheat, Triticum aestivum, in most of the world's wheat production areas (Roelfs, 1985) . Although resistance to Pgt has remained effective in major wheatgrowing regions of the world since the Green Revolution, the emergence of Pgt race TTKSK and variant races, referred to as the Ug99 race group, threatens wheat production and food security because of the virulence of this race group to genes deployed in widely grown wheat cultivars (Singh et al., 2015) . Knowledge of which stem rust resistance (Sr) genes are effective against prevalent races of Pgt is necessary when designing gene deployment strategies for successful stem rust management. At least 33 Sr genes in wheat have been identified as effective to the Ug99 race group (Singh et al., 2015) .
Wheat stem rust resistance gene Sr15 (Watson & Luig, 1966) was characterized as ineffective to Pgt race TTKSK of the Ug99 race group, based on susceptible seedling infection types and field reactions of an Sr15 monogenic line (Jin et al., 2007) . The reaction of Sr15 to avirulent races of Pgt was previously shown to be dependent on both temperature (Roelfs & McVey, 1979; Gousseau et al., 1985) and genetic background (Luig, 1983) . Earlier reports indicated that Sr15 is linked to the powdery mildew resistance gene Pm1 and to the leaf rust resistance gene Lr20 (Watson & Luig, 1966; McIntosh, 1977) . Furthermore, the root lesion nematode gene Rlnn1 was mapped to the same location as Sr15 (Williams et al., 2002; Jayatilake et al., 2013) . Recently a new TTKSKeffective gene or allele described as either closely linked or allelic to Sr15 was found in wheat landrace PI 374670 (Babiker et al., 2015) . The resistance gene in PI 374670 was considered different from Sr15, based on the available literature that classified Sr15 as ineffective to race TTKSK. In addition, seedling resistance to race TTKSK has recently been identified by the present authors in Hungarian wheat cultivar MV Zelma (authors' unpublished data) . Therefore, the objectives of this study were (i) to determine the influence of temperature on the effectiveness of Sr15 against Pgt race TTKSK, (ii) to investigate whether the TTKSK resistance in MV Zelma and PI 374670 is conferred by Sr15, (iii) to validate the ability of Sr15-linked molecular markers to predict the presence of Sr15 in diverse wheat accessions, and (iv) to develop germplasm with TTKSK-effective resistance genes Sr15 and Sr22 in combination on chromosome arm 7AL.
Materials and methods

Plant materials
Wheat lines W2691-Sr15 (W2691*2/Norka; Luig, 1983) and Prelude-Sr15 (Prelude*2/Norka, RL 1888; Green, 1981) are backcross derivatives of stem rust susceptible lines W2691 (Watson & Luig, 1963) and Prelude with the addition of stem rust resistance gene Sr15. W2691 and W2691-Sr15 were originally obtained from the University of Sydney Plant Breeding Institute and maintained at the USDA-ARS Cereal Disease Laboratory. Prelude was obtained from the USDA-ARS National Small Grains Collection (CI 14323). These two sets of Sr15 near-isogenic lines served as positive and negative controls for Sr15.
To test the response of diverse Sr15 lines to Pgt race TTKSK, a total of 61 wheat genetic stocks, cultivars and breeding lines (Sr15 panel; Table 1 ) were assembled. Of these accessions, 10 included genetic stocks with or without Sr15 in addition to MV Zelma and PI 374670. A total of 20 were obtained from the University of Sydney Plant Breeding Institute and included varieties previously postulated to possess or lack Sr15 (Sr15-postulated lines included Norka, Excalibur, Bowie, Wyalkatchem, Orion and Krichauff). The remaining 31 lines were obtained from the USDA-ARS National Small Grains Collection. These 31 lines were selected because either previous studies or accession descriptor information indicated that they might possess Sr15 (Watson & Luig, 1966; Pathan & Park, 2007) .
In addition, a diverse set of 110 wheat accessions was assembled, consisting primarily of landraces and three F 1 seedlings from PI 420601/PI 349991, PI 374670/MV Zelma and PI 374670/McNair crosses that are referred to as the 'landrace panel' (Table S1 ). The landrace panel was assembled principally to validate the molecular markers linked with Sr15.
Winter wheat cv. MV Zelma (synonym MV-17-04, pedigree C30-2-3-5/MV Magvas), developed by the Agricultural Research Institute (Martonv as ar, Hungary) and released in 2007, showed seedling resistance to several Pgt races including TTKSK during routine germplasm screening at the USDA-ARS Cereal Disease Laboratory. To determine genetic control of TTKSK resistance in MV Zelma, 94 F 2 seedlings were derived from a cross between LMPG-6 and MV Zelma. LMPG-6 is a selection of stem rust susceptible line LMPG (Knott, 1990) . To test the allelic relationship between the resistance gene in MV Zelma and Sr15, two additional populations were derived: MV Zelma/ W2691-Sr15 (75 F 2:3 families derived) and MV Zelma/PreludeSr15 (45 F 2:3 families derived). As MV Zelma has been described as possessing Sr38 (Bedo et al., 2007) , lines VPM1 (GSTR 519) and Australian wheat cultivar Trident obtained from the USDA-ARS Cereal Disease Laboratory were included as positive controls for Sr38.
To combine Sr15 and Sr22 in coupling, MV Zelma was crossed to line U5616-20-9-15R obtained from Dr Robert Bowden (USDA-ARS, Manhattan, Kansas). U5616-20-9-15R is derived from Lakin/Sr22 Tb and possesses a shortened introgressed segment from Triticum monococcum subsp. aegilopoides on chromosome arm 7AL with Sr22 (Olson et al., 2010) . Sr15 is distal to Sr22 on chromosome arm 7AL (The & McIntosh, 1975) . F 2 plants derived from U5616-20-9-15R/MV Zelma were selected that displayed resistant infection types to Pgt race TPMKC characteristic of Sr15 and molecular marker haplotypes consistent with the presence of Sr22 (codominant marker cssu22; Periyannan et al., 2011) .
Effect of temperature on Sr15 response to race TTKSK To examine the effectiveness of Sr15 in various genetic backgrounds against three Pgt races under two temperature regimes, the lines in the Sr15 panel (Table 1) were screened for seedling reaction to Pgt races TTTTF isolate 01MN84A-1-2, TPMKC isolate 74MN1409 and TTKSK isolate 04KEN156/04 under low (15-18°C) and high (22-25°C) temperature regimes in growth chambers. Lines in the Sr15 panel that displayed low infection types in response to TTKSK at the low temperature regime, but high infection types at the high temperature regime were postulated to possess Sr15. In addition, Pgt race TTKSK was used to evaluate seedling responses in the landrace panel evaluated in a greenhouse (18-21 AE 2°C). Assessment of seedling infection type was performed at the USDA-ARS Cereal Disease Laboratory (CDL) in St Paul, MN, USA. Five plants of each line were inoculated in two biological replicates for the low temperature treatment of races TTTTF and TTKSK (in December 2014 and February 2015) as described by Rouse et al. (2011) . The disease ratings were based on the 0-4 Stakman infection type (IT) scale (Stakman et al., 1962) . A Perl script (Gao et al., 2016) was used to convert the 0-4 Stakman scores into linearized 0-9 scores for the Sr15 panel and used in ANOVA of gene and phenotype correlations (R Development Core Team, 2015) . Briefly, ITs 0, 1, 2, 3 and 4 were linearized to 0, 2, 5, 8 and 9 and complex ITs including those with '+' or 'À' designations were appropriately weighted after Gao et al. (2016) . Data and code for this analysis are available at a Git repository (https://github.com/umngao/ Sr15).
Relationship of the resistance gene in MV Zelma to Sr15
To determine genetic control of TTKSK resistance in MV Zelma, parents and 94 F 2:3 families from the cross LMPG-6/MV Zelma (188 genotypic alleles) were screened against Pgt race TTKSK. Chi-squared (v 2 ratio 1:2:1) analysis was performed to test for goodness-of-fit of segregation data to a single gene model. To test the allelic relationship between the TTKSK resistance in MV Zelma and Sr15-containing lines, 75 F 2:3 families from MV Zelma/W2691-Sr15 and 45 F 2:3 families from MV Zelma/Prelude-Sr15 were tested against the Pgt race TTKSK under low temperatures (15-18°C). In each of these three populations, at least 15 plants from each F 2:3 family were assessed for seedling ITs. Genomic DNA was isolated from accessions and F 2 seedlings using a modified CTAB method (Stewart & Via, 1993) . The 9K wheat iSelect SNP genotyping platform (Cavanagh et al., 2013) , two SSR markers on chromosome arm 7AL and the marker STS638 (Hu et al., 1997; Neu et al., 2002) were used to genotype parents and 94 F 2 plants from the LMPG-6/MV Zelma cross. In addition MV Zelma was tested for the presence of the 262-bp PCR product amplified by primers VENTRIUP and LN2 (Helguera et al., 2003) associated with the presence of Sr38. For the SSR markers, the PCR mixture included 19 PCR buffer, 0.125 mM dNTPs, 0.4 pmol of each primer, and 0.05 U Taq DNA polymerase (QIAGEN). The thermal cycling conditions were 94°C for 15 min; 35 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 2 min; and a final extension step of 72°C for 5 min and 4°C indefinitely. PCR products were separated by polyacrylamide gel electrophoresis (PAGE) and silver stained (Bassam et al., 1991) for visualization and genotype scoring. Genetic linkage analysis between the stem rust resistance locus and SNP or SSR markers was conducted using JOINMAP v. 4.0, MAPMAKER v. 3.0b and JMP GENOMICS v. 6.0 (SAS Institute). The maximum-likelihood mapping algorithm was used to generate the linkage maps. Kosambi's mapping function was used to calculate the map distances. The map position of markers linked to resistance in MV Zelma was compared to previously published map locations of the same markers in the 90K consensus map (Wang et al., 2014) and the POPSEQ map (Chapman et al., 2015) .
Relationship of the resistance gene in PI 374670 to Sr15
At the University of Sydney Plant Breeding Institute (PBI), PI 374670 and two cultivars known to carry Sr15, Norka and Wyalkatchem, were tested against Pgt cultures 279 and 580 at 18 AE 2°C following a protocol described by Bariana & McIntosh (1993) . Pgt isolates 98-1,2,(3),(5),6 (PBI culture number 279) and 98-1,2,(3),(5),6,7 (culture 580) are avirulent and virulent on Sr15, respectively. In addition, P. triticina culture 231, which is avirulent on Lr20, was used to inoculate PI 374670, Norka and Wyalkatchem.
Sr15-linked marker analyses
Markers previously reported to be linked with Sr15 were evaluated on the Sr15 panel: wri4 (Jayatilake et al., 2013) , STS638 and KASP_IWB30995 (Babiker et al., 2015) . Marker STS638 is dominant whereas KASP_IWB30995 and wri4 are codominant. Marker KASP_IWB30995 was also evaluated on the landrace panel. For the marker assays, DNA was extracted from the Sr15 panel from different plants than those used for the seedling analyses.
Results
Effect of temperature on Sr15 response to race TTKSK
At low temperatures, Sr15 genetic stocks W2691-Sr15 and Prelude-Sr15 displayed low ITs ranging from ';1' to '31;' whereas W2691 and Prelude exhibited high ITs '33+' to '3+' to race TTKSK (Table 1; Fig. 1 ). W2691-Sr15 and Prelude-Sr15 were not resistant to race TTKSK at the high temperature regime, displayed resistant ITs to race TPMKC at the low temperature regime, and displayed susceptible ITs to race TTTTF at the low (Table 1) . Two of these six cultivars were heterogeneous for the Sr15-characteristic response. Among the 31 lines from the Sr15 panel obtained from the USDA-ARS National Small Grains Collection, 16 displayed ITs characteristic of Sr15, 10 displayed susceptible ITs to race TTKSK at both temperatures, and five were heterogeneous for the Sr15-characteristic response. Lines postulated to possess Sr15 were always resistant to race TPMKC at lower temperatures. Some Sr15-positive lines were resistant to race TPMKC at higher temperatures as well, suggesting the presence of genes in these lines in addition to Sr15 that were effective against race TPMKC. Lines that were heterogeneous for the Sr15 seedling phenotype were treated as Sr15-positive in the ANOVA. The ANOVA indicated that presence or absence of Sr15 had a significant (P < 0.001) effect (a reduction of linearized IT by 5.25 on a 0-9 scale) on the plant's reaction to TTKSK under low temperatures. However, the Sr15-mediated resistance against TTKSK was lost at high temperatures (P > 0.05).
Genetic and linkage analysis of stem rust resistance in MV Zelma
Cultivar MV Zelma displayed low ITs to races TTTTF and TPMKC at both temperature regimes (Table 1) , but was resistant to race TTKSK only at the low temperature regime. Segregation for seedling response among the F 2:3 seedling families derived from LMPG-6/MV Zelma indicated that a single gene conferred resistance to race TTKSK (16:37:27, resistant:heterogeneous:susceptible, P = 0.18 for goodness-of-fit to a 1:2:1 ratio). MV Zelma possessed the 262-bp PCR product from the primers VENTRIUP and LN2 (Helguera et al., 2003) associated with the presence of Sr38. The Sr38 control lines Trident and VPM1 did not display resistance to race TTKSK (Table 1; Jin et al., 2007) .
To map seedling resistance to race TTKSK, data from the 9K SNP marker assay of the parental lines and 94 F 2 seedlings were used (F 2 resistance genotypes were predicted based on F 2:3 family phenotypes). Twelve SNP markers mapped within 3.5 cM of the stem rust resistance locus in MV Zelma. SSR markers wmc346 and cfa2240, mapped previously to 7AL, flanked the resistance locus at 5.5 cM proximal and 8.0 cM distal, respectively (Fig. 2) . Marker STS638 cosegregated with seedling resistance to race TTKSK. Although no SNP markers were common between the LMPG-6/MV Zelma population and the LMPG-6/PI 374670 population (Babiker et al., 2015) the locations for the markers in the 90K consensus map (Wang et al., 2014) , POPSEQ map (Chapman et al., 2015) and the Chinese Spring reference sequence (International Wheat Genome Sequencing Consortium, 2014) were compiled (Table S2 ). The SNPs in the two maps were largely in overlapping regions of chromosome arm 7AL.
Relationship of the resistance gene in MV Zelma to Sr15
All of the 120 F 2:3 families from MV Zelma/W2691-Sr15 and MV Zelma/Prelude-Sr15 crosses were resistant to Pgt race TTKSK at low temperatures (15-18°C). The probabilities of not observing a susceptible recombinant family out of 120 families for two genes 2 or 3 cM apart are P = 0.090 and P = 0.027, respectively. The maximum recombination values (r) at P = 0.05 and P = 0.01, assuming two unique loci in this population, are r ≤ 0.019 and r ≤ 0.012, respectively (Hanson, 1959) . Ug99-effective wheat resistance gene
Relationship of the resistance gene in PI 374670 to Sr15
PI 374670, Norka and Wyalkatchem exhibited a high IT '3+' when inoculated with Pgt culture 580, which is virulent to Sr15 (Fig. 3) . These three lines showed low ITs ';1' to ';12À' when inoculated with the Sr15-avirulent culture 279, indicating the probable presence of Sr15 in these accessions (Fig. 3 ). When inoculated with P. triticina culture 231, which is avirulent on Lr20, wheat accessions PI 374670, Norka and Wyalkatchem exhibited low IT scores ';12', whereas the susceptible line Morocco exhibited IT '3+', consistent with the presence of Sr15-linked leaf rust resistance gene Lr20 in PI 374670 (Fig. 4) .
Sr15-linked marker analyses
Excluding lines that were heterogeneous for the Sr15-characteristic response, markers STS638, wri4 and KASP_ IWB30995 predicted the presence of Sr15 nearly exactly (Table 1 ). The marker haplotypes for the heterogeneous lines were variable. Extraction of DNA from different plants for marker and phenotypic assays probably contributed to this variability. Marker STS638 cosegregated with Sr15 in LMPG-6/MV Zelma. Markers STS638 and wri4 have been validated in other studies as linked to the Sr15/Lr20/Pm1 locus (Neu et al., 2002; Jayatilake et al., 2013) . Marker KASP_IWB30995 cosegregated with stem rust resistance in LMPG-6/PI 374670 (Babiker et al., 2015) . To confirm the predictive ability of KASP_ IWB30995, the landrace panel of wheat accessions and F 1 seedlings developed from three crosses were assessed. Marker KASP_ IWB30995 produced two distinct clusters of accessions carrying or lacking Sr15 (Table S1 ). Three accessions did possess the Sr15-associated allele of KASP_IWB30995 but did not display typical Sr15 low infection responses (PI 245633, PI 429385 and PI 429407) . Additional studies are needed to determine whether the intermediate infection types displayed by these three accessions are conferred by Sr15 or not. The KASP_ IWB30995 genotype of resistant accessions carrying TTKSK-effective Sr genes other than Sr15 grouped with the susceptible accessions (Table S1 ).
Combination of Sr15 and Sr22
Three U5616-20-9-15R/MV Zelma F 2:3 families were identified that were fixed for the presence of both Sr15 and Sr22. This was based on molecular markers STS638 and cssu22 and also the observation that all of at least 17 F 3 plants from each family had the low infection type '0;' in response to Pgt race TTKSK, indicative of Sr15. One of these lines, CDL002, was deposited at the USDA-ARS National Small Grains Collection (PI 682161).
Discussion
The Sr15/Lr20/Pm1 locus was originally identified by Sears and colleagues (Sears, 1954; Sears & Briggle, 1969) . Sr15 was described as temperature-sensitive (Roelfs & McVey, 1979; Gousseau et al., 1985) , effective against avirulent isolates at lower temperatures (15-18°C), but not functional at temperatures above 26°C. In the current study, the seedling reactions of backcross lines with and without Sr15 were examined and it was demonstrated that Sr15 conferred resistant reactions to Pgt race TTKSK at low, but not at high, temperatures. This observation was confirmed by the responses to stem rust of seedlings from a panel including diverse Sr15 lines. The presence of Sr15 conferred a significant disease resistance effect against race TTKSK under low temperatures, suggesting that Sr15 is effective against TTKSK.
To examine the relationship between Sr15 and the TTKSK resistance loci in MV Zelma and PI 374670, pathogen inoculation experiments were performed, resistance in MV Zelma was mapped and haplotypes of Sr15-linked markers were analysed. PI 374670 and MV Zelma possessed the same haplotype for Sr15-linked markers wri4, STS638 and KASP_IWB30995 as Sr15 control lines. The allelism test between MV Zelma and Sr15 control lines suggested that MV Zelma possesses Sr15. The response of PI 374670 to the Sr15-avirulent and Sr15-virulent Pgt isolates and the Lr20-avirulent P. triticina isolate from Australia also matched the response of Sr15 control lines. Although Babiker et al. (2015) considered the QTL detected in PI 375670, effective against race TTKSK, to be different from Sr15, this was based solely on the assumption that Sr15 is not effective against race TTKSK. The available data are consistent with the hypothesis that both MV Zelma and PI 374670 possess Sr15.
To examine if the three markers wri4, STS638 and KASP_IWB30995 were predictive for the presence of Sr15, 51 accessions with and without Sr15 were genotyped. The three markers were found to be predictive for Sr15. As wri4 and STS638 were shown to be linked to Sr15/Lr20/Pm1 in previous studies (Neu et al., 2002; Jayatilake et al., 2013) , in the present study the predictive ability of KASP_IWB30995 was validated on 110 lines in the landrace panel. KASP_IWB30995 was predictive of Sr15-characteristic low infection types in the panel, suggesting the utility of this marker for markerassisted-prediction of Sr15 in landraces. Although STS638 was initially reported as diagnostic for the Sr15/ Pm1/Lr20 locus (Neu et al., 2002) , a recombination value of 7.1 cM was found in a biparental population (Khan et al., 2005) . However, the data from the current investigation indicated that STS638 was predictive of Sr15 in diverse germplasm and in a biparental mapping population.
Previously the genetic distance between Sr22 and the distally located gene Lr20 (completely linked to Sr15) was estimated to be 41 crossover units (The & McIntosh, 1975) and 42 cM in a separate population (Khan et al., 2005) . Although not closely linked, the combination of Sr22 and Sr15 does allow breeders to more readily combine two Ug99-effective Sr genes in breeding populations. Line CDL002 uniquely combines Sr15 with a shortened T. monococcum Sr22 segment from Olson et al. (2010) .
The data presented here indicate that Sr15 is effective against Pgt race TTKSK at lower temperature regimes and that race TTKSK is avirulent to Sr15. However, the description of race TTTTF as virulent to Sr15 and previous studies demonstrating that virulence to Sr15 is Ug99-effective wheat resistance genecommon in Pgt (Luig, 1983) underscore the limited value of Sr15 for stem rust resistance. Nevertheless, field data from Kenya detected a significant effect of Sr15 (in PI 374670), which suggests that Sr15 can be effective against the Ug99 race group under field conditions (Babiker et al., 2015) . The susceptible response of Prelude-Sr15 at Njoro, Kenya in 2005 (Jin et al., 2007) suggests that the effect of Sr15 may be lost either when present in a highly susceptible background or in a different environment. Several wheat cultivars in Australia and Europe contain Sr15 (Pathan & Park, 2007; Randhawa et al., 2016) . Wheat lines assayed as resistant to race TTKSK at the seedling stage may possess Sr15 and breeders should be aware of the limitations of Sr15 for conferring stem rust resistance. Table S1 . Seedling infection type and marker results of the 'landrace panel' of wheat accessions tested against Puccinia graminis f. sp. tritici race TTKSK. Table S2 . Comparative map positions of markers from LMPG-6/MV Zelma and LMPG-6/PI 374670 in the 9K map, 90K consensus map, POPSEQ map, and the Chinese Spring reference sequence.
